Metallothioneins (MTs) were initially discovered by biochemists searching for tissue constituents responsible for the natural accumulation of cadmium. They have been reported to occur throughout the animal kingdom, as well as in plants, eukaryotic microorganisms, and prokaryotes (reviewed in references 25 and 35) . In humans, MTs have been isolated from the liver (57) , cultured cells (41, 59) , and the brain (growth inhibitory factor) (75) . They are present in four distinguishable forms known as hMTI, hMTII, hMTIII, and hMTIV (reviewed in references 2, 25, 37, and 55) .
Different tissues and cell types synthesize different MTs in various levels. However, the hMTIIA gene is responsible for the majority of MTs expressed in most tissues in humans (41) . This high level of hMTIIA basal constitutive expression coupled with the gene's remarkable inducibility makes hMTIIA easily assayable and, therefore, provides an ideal model for studying transcriptional regulation in eukaryotic cells. Although there are reports that hMTIIA may be regulated by gene amplification (47) , DNA methylation (33) , or posttranscriptional events (60) , there is no question that the principal mechanism of regulation lies at the level of transcriptional initiation (44) .
The interest in transcriptional regulation of the hMTIIA gene centers on three key issues. First, shortly after the cloning of the hMTIIA gene, there was an explosive increase of interest in the identification of the cis-acting DNA sequences in the hMTIIA promoter that are responsible for basal and induced transcription. Second, many laboratories have intensely pursued the identification of trans-acting proteins that interact with these cis-acting DNA sequences. Finally, there is a strong desire to understand the mechanisms by which these transacting proteins activate hMTIIA expression.
The cis-acting DNA sequences that permit expression of the hMTIIA gene have been elucidated in different studies (38, 39) . In general, in these studies, a region that corresponds to the 5Ј flanking sequence of the hMTIIA gene is linked to a reporter gene and introduced into cultured cells by transfections followed by assays for reporter gene expression. Promoters with 5Ј and 3Ј deletions, as well as internal deletions, and linker-scanner mutations were similarly tested for their ability to transcribe a reporter gene. By this approach, it was discovered that the hMTIIA gene provides an excellent model for unraveling the complexity of protein-DNA interactions that can occur at a single promoter and that influence the transcription of a gene. Extensive analysis of the 5Ј flanking regions of this promoter revealed a variety of trans-acting factors that bind to different upstream cis-acting sites (3, 31, 32, 48, 51, 53, 65) . In addition to the several metal response elements, a GC box which is recognized by transcription factor Sp1 is located between nucleotides Ϫ57 and Ϫ68 relative to the start of transcription. An AP1 binding site is present at nucleotides Ϫ96 to Ϫ105 (48) , and overlapping this site are sequences that can be recognized by AP4. Three binding sites for the transcription factor AP2 are present between Ϫ103 and Ϫ227 (31) . An element that confers glucocorticoid and progesterone responsiveness, a glucocorticoid receptor element, is located between Ϫ240 and Ϫ270 (39, 40, 66) . Further upstream is an interferon response element that may be involved in alpha interferon-induced transcription of the hMTIIA gene (20) .
Interestingly, in addition to the many factors that bind the hMTIIA upstream sequence, early studies using the DNase I footprinting procedure detected proteins that cover the transcription initiation site (3, 31) , suggesting that a distinct class of transcription factors may play an important role in the regulation of hMTIIA basal or induced transcription. It has been suggested that in Rat 2 fibroblasts, the cadmium-and dexamethasone-responsive elements in the hMTIIA promoter are present in the upstream region and do not require its initiation site (38) . However, the role of the initiation region alone in response to other heavy metals, in different cells, or in basal transcriptional regulation is not known. One early study, which pointed to the importance of the hMTIIA initiation region in basal transcription, showed that deletion of this region, together with the TATA box, renders the promoter less active than the wild-type promoter in vitro (48) . However, a detailed study of the importance of the hMTIIA initiation site alone and identification of possible factors that may interact with this region were not done.
Recently, using a cell-free in vitro transcription system and in vitro mutagenesis, we have found evidence that the hMTIIA transcriptional initiation site binds both transcriptional activators and transcriptional repressors. Using electrophoretic mobility shift assays (EMSA) and the hMTIIA initiation sequence as a probe, we have identified five sequence-specific DNAprotein complexes from HeLa cells (70) . Subsequently, one of the DNA-binding activities was purified, subjected to microsequencing analysis, and determined to be the large component (70 kDa subunit) of replication protein A. This finding is consistent with the findings of previous studies where replication protein A (RPA) was found to interact with different transcriptional activators; interestingly, the 70-kDa subunit of RPA is part of the human RNA polymerase II complex (49) . Intriguingly though, our RPA preparation recognized doublestranded hMTIIA initiation sequences at a specificity higher than that at which it recognized single-stranded DNA. Because purified recombinant RPA binds the single-stranded hMTIIA initiation site effectively, a modified form of RPA may bind the double-stranded hMTIIA initiation site. Alternatively, other hMTIIA initiation sequence-binding proteins may influence RPA's unique DNA-binding property at the hMTIIA promoter. Identification and cloning of these additional factors, therefore, would be a major prerequisite for making definitive progress in the understanding of hMTIIA regulation.
To further examine cellular DNA-binding proteins that interact with the hMTIIA initiation sequence, we have screened an expression library with multimerized hMTIIA initiation sequences as a probe. We report here the isolation of a novel zinc finger protein, PZ120, that binds specifically to the hMTIIA transcription initiation site and represses hMTIIA gene transcription. The PZ120 protein belongs to a family of zinc finger transcription factors that contain a conserved poxvirus and zinc finger (POZ) motif. Surprisingly, we found that PZ120 binds specifically to the hMTIIA initiation sequence in the absence of its zinc fingers. Taken together, our results suggest the existence of an additional, yet novel, mechanism of regulation of the hMTIIA gene.
MATERIALS AND METHODS
Plasmids. Plasmid p4Ј5CAT contains the hMTIIA promoter sequence from Ϫ286 to ϩ73 linked to the chloramphenicol acetyltransferase (CAT) reporter gene (42, 43) . Plasmid pRSV-␤gal carries the ␤-galactosidase gene downstream from the long terminal repeat of the Rous sarcoma virus. pGEM-1021 was constructed by digesting gt11 clone 1021 with EcoRI and then subcloning the 1.5-kb fragment into a pGEM7Z vector (Promega). pH25-2 contains a 4.5-kb insert excised from the clone H25-2 and subcloned into a pBluescript vector. pGEM-PZ120, containing the full-length 5-kb PZ120 cDNA, was generated by ligating the 3Ј portion of clone H25-2 to the 5Ј portion of clone 1021. The insert from pH25-2, digested with NheI and SacI, was subcloned into pGEM-1021, which was also cut with NheI and SacI. pCMV is identical to the eukaryotic expression vector pcDNAIamp (Invitrogen). PZ120 cDNA from pGEM-PZ120 was digested with EcoRI and subcloned in the 5Ј-to-3Ј direction downstream of the cytomegalovirus (CMV) promoter in pCMV to generate pCMV-PZ120. pCMV-PZ120(Ϫ) was produced by subcloning PZ120 cDNA in the reverse orientation into the pCMV vector. To generate the POZ domain deletion expression construct pCMV-PZ120 (⌬3-344), pCMV-PZ120 was digested with SacII and NheI and an 8.9-kb DNA fragment was recovered and then religated in the presence of an adapter (5Ј-GGATGTCAG-3Ј or 5Ј-CTAGCTGACATC CGC-3Ј). pCMV-PZ120 (1-344) was produced by digesting pCMV-PZ120 with SacI and NheI, recovering a 6.8-kb DNA fragment, blunting the fragment at both ends with T4 DNA polymerase, and religating with T4 DNA ligase. pGST-PZ120 was constructed by taking the 5-kb EcoRI fragment from pGEM-PZ120 and then ligating this fragment to the vector pGEX4T-3 (Pharmacia) digested with EcoRI. pHis-PZ120 (1-482) was generated by subcloning the 1.5-kb insert of clone 1021 into the pQE9 expression vector (Qiagen). Clone 1021 was first digested with EcoRI, and then the 1.5-kb fragment was ligated to the pQE9 vector with the 6-histidine tag at the N-terminal region. pCEP4F has previously been described (79) . pCEP4F-PZ120, pCEP4F-PZ120 (⌬3-344), and pCEP4F-PZ120 (1-344), were constructed by taking inserts respectively from pCMV-PZ120, pCMV-PZ120 (⌬3-344), and pCMV-PZ120 (1-344) and ligating them in frame to the FLAG epitope in pCEP4F. All constructs were confirmed by dideoxy sequencing (62) .
Southwestern blot analysis. Purified proteins or a nuclear extract from HeLa cells was separated on a sodium dodecyl sulfate (SDS)-polyacrylamide gel and transferred onto a nitrocellulose membrane. Proteins on the membrane were denatured in a binding buffer (250 mM HEPES [pH 7.9], 30 mM MgCl 2 , 400 mM KCl) containing 6 M guanidine hydrochloride and gradually renatured in the same buffer with 3, 1.5, 0.75, 0.375, and 0.1875 M guanidine hydrochloride. Subsequently, the membrane was rinsed with the binding buffer and probed with a 32 P-labeled concatemerized double-stranded oligodeoxynucleotide containing the hMTIIA initiation site sequence (Ϫ7 to ϩ11 relative to the start of transcription [42] ), 5Ј-GCACTCCACCACGCCTCCT-3Ј, and its complementary strand. Hybridization was done at 4°C for 12 to 16 h, and the membrane was washed three times at 4°C with the binding buffer before exposure in a PhosphorImage screen.
Isolation of PZ120 cDNA. A HeLa cell gt11 cDNA library (64) was screened by a standard protocol (61) with 32 P-labeled concatemerized double-stranded synthetic oligodeoxynucleotides that contain the hMTIIA initiation sequence, 5Ј-GCACTCCACCACGCCTCCT-3Ј, and its complement. Positive plaques on duplicated membranes were amplified and rescreened. Probes used for secondary and tertiary screens contained hMTIIA sequences identical to those used in the primary screen but differed from the primary probe in flanking sequences. A 1.5-kb clone, clone 1021, was isolated, and its cDNA insert was used to rescreen a gt11 HeLa cDNA library (Clontech) and a ZAPII H1262 fibroblast cDNA library (56) . Hybridizations were conducted at 60°C for 16 to 24 h with a solution containing 6ϫ SSC, (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 5ϫ Denhardt's solution, 1% SDS, and 100 g of denatured salmon sperm DNA per ml. Stringent washes were done in 0.1ϫ SSC-0.1% SDS at 60°C for 1 h. Phage DNA prepared from positive plaques of the HeLa cDNA library were digested with EcoRI and subcloned into pGEM3Z vectors (Promega) for dideoxy sequencing (62) . Positive clones from the ZAPII fibroblast library were plaque purified, excised, ligated into pBluescript vectors (Stratagene), and then characterized by dideoxy sequencing. The complete final sequence of the PZ120 cDNA was determined from both DNA strands.
Preparation of lysogenic phage extract. Host Escherichia coli Y1089 was infected with bacteriophage clone 1021 and plated onto Luria broth (LB) plates containing ampicillin. Lysogenic recombinant bacteriophage gt11 colonies were picked by selecting those that grew at 30°C but not at 42°C. Individual lysogens were shifted from 30 to 42°C, induced by isopropyl-1-thio-␤-D-galactopyranoside (IPTG), and cultured at 37°C. One induced lysogenic culture was lysed by repeated freeze-thaw cycles, and lysates were used in EMSA.
EMSA. Single-stranded oligodeoxynucleotides corresponding to the transcription initiation sequence of the hMTIIA gene, 5Ј-GCACTCCACCACGCCTCC T-3Ј, were labeled individually with [␥ 32 P]ATP and T4 polynucleotide kinase, heated together at 65°C, and allowed to anneal by slow cooling to room temperature. Each 12-l reaction mixture contained 12 mM HEPES (pH 7.9), 10% glycerol, 5 mM MgCl 2 , 60 mM KCl, 1 mM dithiothreitol, 0.5 mM EDTA, 50 g of bovine serum albumin per ml, 0.05% Nonidet P-40, 1 g of poly(dI-dC), approximately 7 g of protein extract or 10 ng of purified protein, and 13 ng of radiolabeled DNA. Reaction mixtures were incubated for 10 min at room temperature, separated on 4% nondenaturing acrylamide gels (0.0225 M Tris-borate, 0.0005 M EDTA), dried, and subjected to autoradiography. For competition experiments, excess unlabeled DNAs (competitors) were included in the reaction mixture.
Northern blot analysis. A human multiple tissue Northern blot was purchased from Clontech Laboratories. The blot contains poly(A) ϩ RNA that was purified by several passages through oligo(dT) cellulose columns, separated on denatured 1.2% formaldehyde agarose gel, and blotted onto nylon membranes. Each lane of the blot contains approximately 2 g of a pure poly(A) ϩ RNA from a specific tissue. A 1.5-kb PZ120 cDNA derived from clone 1021 was labeled with [␣-32 P] dCTP by random priming. Prehybridization and hybridization were carried out in a solution containing 5ϫ SSPE (0.75 M NaCl, 0.05 M NaH 2 PO 4 ⅐ H 2 O, 0.005 M Na 2 EDTA [pH 7.4]), 10ϫ Denhardt's solution, 100 g of denatured salmon sperm DNA per ml, 50% formamide, and 2% SDS at 42°C. Blots were washed at high stringency before exposure to X-ray film. Hybridization was carried out simultaneously with a human ␤-actin cDNA to control for differences in loading.
In vitro transcription and translation. Using a TNT kit (Promega), pGEM-PZ120 was transcribed with SP6 or T7 RNA polymerase and translated with reticulocyte lysates in the presence of [ 35 S]methionine. The product was analyzed on an SDS-10% polyacrylamide gel and then autoradiographed.
Expression and purification of histidine-tagged PZ120 (residues 1 to 482) protein. pHis-PZ120 (1-482) was transformed into DH5␣ cells and grown in LB with 100 g of ampicillin per ml at 37°C until the A 600 reached 0. Preparation of extracts containing GST or GST-PZ120 fusion proteins. pGST-PZ120 or the glutathione S-transferase (GST) vector (pGEX4T-3) were transformed into DH5␣ cells grown in LB with 100 g of ampicillin per ml at 37°C for 2 h and induced with IPTG. Cells were collected 4 h after induction, resuspended in PBS, and lysed by sonication. After centrifugation, the supernatants were saved as soluble cell extract for EMSA.
Cell culture and transfections. CV1 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 IU of penicillin per ml, and 100 g of streptomycin (Life Technologies, Inc.) per ml. Each transfection contained different amounts of an effector plasmid, 5 g of a CAT reporter plasmid, and 5 g of a plasmid expressing ␤-galactosidase by calcium phosphate precipitation (23) . Cells were harvested 48 h after transfection, and CAT activity was assayed as described previously (22) . ␤-Galactosidase activity was measured with a Galacto light kit (Tropix) to normalize for transfection efficiency.
Immunofluorescence. CV1 cells were grown on charged slides inside 100-mmdiameter tissue culture plates for about 24 h and transfected with 20 g of either pCEP4F, pCEP4F-PZ120, pCEP4F-PZ120 (⌬3-344), or pCEP4F-PZ120 (1-344). Two days later, cells were washed with ice-cold PBS, fixed with 4% paraformaldehyde for 15 min, rinsed again with PBS, permeabilized with 1% glycine-0.5% Triton X-100 in PBS overnight, and then treated with anti-FLAG antibody (Sigma) in 200 l of PBS containing 1% bovine serum albumin and 0.1% Nonidet P-40. Cells were then incubated for 1 h at room temperature, followed by washing with PBS, and further incubated for 30 min with a 1:200 dilution of sheep anti-mouse immunoglobulin G coupled with fluorescein isothiocyanate (Sigma). Subsequently, cells were subjected to extensive washings with PBS and one drop of DAPI (4Ј, 6-diamidino-2-phenylindole) anti-fade dye (Vector) was applied to each coverslip before the cells were analyzed under a Leitz Orthoplan microscope equipped with a charge-coupled device camera.
Nucleotide sequence accession number. The nucleotide sequence of the PZ120 gene appears in the EMBL, GenBank, and DDBJ databases with accession no. U03378.
RESULTS
Identification of a protein that binds the hMTIIA initiation sequence. Previously, we and others have identified several specific DNA-binding activities associated with the transcription initiation region of the hMTIIA gene (3, 31, 70) . Using standard protein purification procedures, we found that RPA is one component of a complex that binds the hMTIIA tran- VOL. 19, 1999 NOVEL 120-kDa TRANSCRIPTIONAL REPRESSOR 683 scription initiation sequence (70) . To further examine cellular DNA-binding proteins that interact with the hMTIIA initiation sequence, and to study other proteins that bind the hMTIIA transcription start site, we performed a Southwestern blot analysis using the hMTIIA transcription initiation sequence as a probe. As shown in Fig. 1B , a protein of approximately 120 kDa from HeLa cells specifically interacted with the hMTIIA DNA (lane 3). This interaction is highly specific because two purified proteins (lanes 1 and 2), BPIA and RAD1, as well as other proteins present in HeLa cell preparation did not react with the hMTIIA initiation sequence. This result confirms that in addition to RPA, there are other proteins that bind specifically to the hMTIIA initiation sequence. It also points to the feasibility of the identification of additional hMTIIA sequencebinding proteins by direct expression cloning.
Cloning of a gene encoding an hMTIIA initiation sequencebinding protein.
To clone the 120-kDa protein from HeLa cells that binds the hMTIIA sequence, we screened a HeLa gt11 cDNA expression library with a DNA fragment containing multiple copies of the hMTIIA initiation sequence. As a result, we have identified one phage clone that encodes proteins that associate with the hMTIIA DNA. The binding activity of this clone, referred to as clone 1021, was analyzed by EMSA with lysate prepared from the lysogenic form of the phage. Figure 2 shows that a distinct mobility complex is formed with the hMTIIA transcription initiation sequence (lane 1). This complex is not seen in equivalent lysates from the uninfected E. coli host strain (data not shown). The addition of specific (lanes 2 to 4) and nonspecific (lane 5 to 7) competitor DNA shows that complex is the result of sequence-specific protein binding.
Analysis of hMTIIA initiation sequence-binding protein (PZ120) cDNA. The entire 1021 clone was sequenced by the dideoxy method (62) , and the predicted amino acid sequence was determined by theoretical translation of the phage clone open reading frame. Since a consensus sequence for initiation of translation (46) was not found in the 5Ј end of the cDNA and the reading frame remains open at both the 5Ј and 3Ј ends, this cDNA may represent only a partial coding sequence.
To obtain a full-length cDNA, a different gt11 cDNA library derived from HeLa cells and a ZAP II cDNA human fibroblast library were screened with a radiolabeled probe corresponding to the 5Ј and 3Ј ends of clone 1021. Twelve overlapping cDNA clones were isolated from 10 9 phage plaques (Fig. 3A) , and the cDNA sequence and its predicted amino acids are shown in Fig. 3B . Analysis of the amino acid sequence revealed an open reading frame of 1053 amino acids with an in-frame stop codon upstream of the first methionine at nucleotide 100 and in the 3Ј end at nucleotide 3323. This indicates that we have obtained a cDNA encoding a full-length hMTIIA transcription initiation sequence-binding protein. Sequence motif searches indicated that this hMTIIA sequencebinding protein contains 12 C 2 H 2 zinc fingers (amino acids 571 to 963 [ Fig. 3C] ) commonly seen among proteins from the Krüppel family.
Sequence comparison of our newly cloned protein in the GenBank and EMBL databases revealed it to be a novel protein with a stretch of amino acids that contains a conserved POZ (also known as Bric à brac-Tramtrack-Broad Complex [BTB] or zinc finger N terminal [ZiN] ) motif present in a family of proteins that include the Drosophila transcription factors Tramtrack and Broad Complex, GAGA, ZF5, and ZID, as well as a group of poxvirus proteins. Since the predicted molecular mass of this protein is 120 kDa, we named it PZ120 for POZ-zinc finger protein of 120 kDa.
mRNA and protein analysis of PZ120. Using Northern blot analysis, we explored the tissue expression pattern of PZ120. As shown in Fig. 4 , a message of approximately 6.2 kb was ubiquitously expressed in every tissue (a longer exposure revealed that PZ120 is expressed in the human liver but at a lower level).
To ensure that the PZ120 cDNA that we have isolated represents a true open reading frame and to determine the actual molecular mass of PZ120, we in vitro transcribed the PZ120 cDNA and translated the resulting cRNA in a rabbit reticulocyte lysate. As shown in Fig. 5 , a protein that migrates in SDS-polyacrylamide gel as an approximately 120-kDa polypeptide was produced (lane 2). Thus, the predicted molecular size of PZ120 is consistent with its actual molecular mass. No specific protein was produced by the antisense PZ120 cRNA (lane 3).
Analysis of hMTIIA initiation sequence-binding activity by PZ120. One surprising finding during the cloning of a fulllength PZ120 cDNA was the fact that clone 1021, which ex- presses only the N-terminal portion of PZ120 lacking the zinc finger domain, was sufficient to bind the hMTIIA sequence with high specificity. To confirm this interesting finding, partial PZ120 (amino acids 1 to 482) from clone 1021 was expressed as a histidine fusion protein in E. coli (Fig. 6A) , purified by affinity chromatography (Fig. 6B) , and tested for its ability to bind to the hMTIIA initiation sequence. Figure 6C displays the results of an EMSA in which a 32 P-labeled oligodeoxynucleotide containing the hMTIIA transcription initiation sequence was used as a probe. Currently, we do not know why the predicted 507-amino-acid protein produced by initiation at the first AUG migrates in SDS-polyacrylamide gels with such a high apparent molecular weight. Nevertheless, the fusion protein bound to the labeled probe (lane 1) and the binding could be competed by the addition of excess unlabeled hMTIIA oligodeoxynucleotide (lanes 3 and 4) but not by the addition of an irrelevant AP1 oligodeoxynucleotide (lane 5). Thus, the PZ120 cDNA that we have isolated encodes a protein that binds to the hMTIIA transcription start site and the binding occurs outside of the PZ120 zinc fingers.
To determine whether a full-length PZ120 can similarly bind the hMTIIA initiation sequence with specificity, we constructed a bacterial expression plasmid that contains the entire coding region of PZ120 fused to the GST protein, induced expression, and prepared an extract containing the full-length protein. As shown in Fig. 7 , extract from IPTG-induced, but not noninduced bacteria, contained hMTIIA sequence-binding activity (compare lanes 1 and 3) . The binding activity was specific because it could be prevented by addition of excess unlabeled hMTIIA initiation sequence (lane 4) but not by an unrelated oligodeoxynucleotide (lane 5 and 6). Furthermore, no complex was seen from extracts prepared from bacteria transformed with GST expression plasmid alone (lanes 7 to 9).
Analysis of transcriptional activity mediated by PZ120. To examine transcriptional effects of hMTIIA by PZ120, we constructed a plasmid that expresses PZ120 under the CMV promoter and cotransfected it into CV1 cells together with a plasmid that contains the hMTIIA promoter upstream of the CAT reporter gene. We found that overexpression of PZ120 inhibited the transcriptional activity from the hMTIIA promoter (Fig. 8B, compare lanes 1 and 2) . Repression by PZ120 was dose dependent, with an optimum concentration around 2.5 g of transfected PZ120 expression plasmid (Fig. 8C) . A plasmid containing ␤-galactosidase expressed under the simian virus 40 promoter was not affected by overexpression of PZ120. Furthermore, cotransfection of a plasmid expressing the PZ120 antisense RNA had no effect on the hMTIIA promoter, FIG. 6 . Expression, purification, and EMSA of histidine-partial PZ120 fusion protein. (A and B) Histidine-PZ120 (amino acids 1 to 482) fusion protein overexpressed in bacteria and analyzed on an SDS-polyacrylamide gel that was culture induced (ϩ) and noninduced (Ϫ) with IPTG. The sizes of molecular mass markers are indicated on the left of the gels. (C) Recombinant PZ120 (amino acids 1 to 482) protein binds specifically to its cognate sites in EMSA. An arrow indicates the complex specifically inhibited by the addition of excess oligodeoxynucleotide containing an hMTIIA initiation site (specific competitor) but not by the addition of an AP1 oligodeoxynucleotide (nonspecific competitor). Probes and competitor oligodeoxynucleotide sequences are identical to those used in the experiment shown in Fig. 2.   FIG. 7 . EMSA of a full-length GST-PZ120 fusion protein. Whole-cell lysates from bacteria overexpressing GST or GST-PZ120 protein were used for EMSA. An arrow indicates specific PZ120-hMTIIA DNA complex. Expression and EMSA were carried out as described in Materials and Methods and in the legend to Fig. 2. arguing that repression by PZ120 is a specific phenomenon. This finding is both exciting and intriguing, for it strongly suggests that PZ120's binding to the hMTIIA sequence is physiologically relevant.
Since earlier studies suggested that POZ domains may be important in transcriptional repression, we were encouraged to question the role of the POZ domain in PZ120. Our results indicate that deletion of the POZ domain (amino acids 3 to 344) in PZ120 abolished repression of the hMTIIA promoter by PZ120 (Fig. 8B, lane 3) , consistent with the idea that the POZ domain mediates transcriptional repression. Interestingly, a plasmid that expresses the N terminus of PZ120 (amino acids 1 to 344) repressed the hMTIIA promoter efficiently (lane 4). To rule out the possibility that the loss of repression activity by PZ120 lacking amino acids 3 to 344 (⌬3-344) is a reflection of inefficient expression of this mutant protein, we performed immunofluorescence analyses on transfected cells. As shown in Fig. 8D , a FLAG epitope-tagged PZ120 (⌬303-344) protein was clearly expressed. These results, therefore, argue strongly that the portion of PZ120 outside of the zinc finger region is necessary and sufficient for its biological function on the hMTIIA promoter.
DISCUSSION
MTs are important regulatory proteins in many organisms. Because of the high level of hMTIIA expression, coupled with the many protein-DNA interactions that occur at the hMTIIA promoter, the hMTIIA gene has traditionally been an excellent model for the study of transcriptional regulation. Extensive analysis of the 5Ј flanking region of this promoter has provided much important information concerning trans-acting factors that bind to different upstream cis-acting sites to influence transcription of this gene. However, since DNA elements surrounding the transcription start sites of many genes play equally crucial roles (for examples, see references 4, 11, 12, 17, 24, 28, 30, 34, 63, [67] [68] [69] 71 , and 73), a complete picture of how transcriptional regulation is achieved in the hMTIIA gene requires that proteins that bind to the hMTIIA transcription initiation sequence be identified and their mechanisms clearly understood.
The hMTIIA transcription initiation sequence is identical to sequences found in a promoter of the fish Xiphophorus maculatus (19) and in the promoter of the human ␣-2 macroglobulin gene (50) . The hMTIIA initiation sequence also has over 80% identity with a sequence located in the human androgen receptor promoter (72) . However, it has not yet been established whether sequences in these other promoters are part of a transcription start site or whether they play any essential role in transcription. Nevertheless, the high conservation of these DNA sequences suggest that the hMTIIA initiation sequence may be important for accurate regulation of transcription of the hMTIIA and other genes and, thus, may represent an individual recognition site for a component of the transcriptional machinery. In fact, we and others have found specific proteins that bind to this site in the hMTIIA promoter (3, 31, 70) .
In this paper, we describe the cloning of a novel protein, PZ120, that binds the hMTIIA transcription start site and plays a role in the control of transcription of the hMTIIA gene. At the C terminus of PZ120 are 12 zinc fingers of the C 2 H 2 type that display imperfect tandem repeats of CysX 2 CysX 3 X 5 X 2 HisX 3-5 His, where indicates hydrophobic residues. Most of the fingers are joined via His-Cys links (TGEKPY/F) similar to those in the developmental control gene Krüppel in Drosophila melanogaster. Sequence comparison of PZ120 with proteins in the GenBank and EMBL databases revealed a protein with a stretch of amino acids that contains a conserved POZ motif present in a family of proteins that includes the Drosophila transcription factors Tramtrack and Broad Complex, GAGA, ZF5, and ZID, as well as a group of poxvirus proteins. In previous studies, the POZ domain acted as a specific protein-protein interaction domain, inhibited DNA binding, and appeared to localize proteins to discrete regions of the nucleus (5, 36) . In addition, POZ domain proteins have been associated with a variety of processes, including nucleosome and chromatin disruption, pattern formation, metamorphogenesis, oogenesis, and eye and limb development in Drosophila (16, 18, 21, 26, 74, 76, 77, 80) . In humans, two POZ domain zinc finger genes, PLZF and BCL6 (also called LAZ3), are associated with chromosomal translocation breakpoints in acute promyelocytic leukemia and non-Hodgkins's lymphoma, respectively (6, 9, 10, 45, 52, 78) . Finally, several POZ-zinc finger proteins have been proposed to be transcriptional repressors (7, 8, 14, 26, 54, 58, 76) , an observation that is clearly consistent with the results of our study. The biological and functional significance of the POZ domain in relation to PZ120 and to hMTIIA regulation is not completely known at this time. However, the conservation of this region among PZ120 and many factors important in the control of development suggests that PZ120 may be a key regulatory protein in humans.
Many studies suggest that proteins that have previously been described as transcription factors may represent only single members of protein complexes that form at DNA sites and function together to regulate transcription. We believe that PZ120 may also require an additional factor(s) for its function. First, in addition to PZ120, we have detected at least four other specific protein-DNA complexes bound to the hMTIIA transcription start site (70) . Second, and perhaps the best indication that PZ120 is involved in protein-protein interactions with other cellular factors, is the fact that PZ120 possesses a POZ domain that has previously been shown to mediate proteinprotein interactions (1, 5, 15) . Recent studies indicate that PZLF and BCL6 associate with SMRT-mSin3-HDAC corepressor complexes and repress transcription by recruiting histone deacetylases (13, 27, 29) . Thus, it is conceivable that while PZ120 possesses a unique ability to bind hMTIIA DNA, like other POZ domain transcription factors it merely serves as a platform for assembly of additional components of the transcriptional regulatory system. Work is under way to determine whether PZ120 associates with corepressor complexes and to identify novel cellular proteins that interact with PZ120. Knowledge of these interactions will provide a basic understanding of the mechanisms of PZ120 function and add to our understanding of hMTIIA regulation.
Like the mRNAs of many of the zinc transcription factors previously studied, PZ120 mRNA is ubiquitously expressed. However, we have found that the level of PZ120, a repressor of hMTIIA, is particularly low in the liver. Remarkably, this finding is in good agreement with early reports that among all human organs, hMTIIA is expressed most highly in the liver (41) . Therefore, it is conceivable that PZ120 is a tissue-specific regulator of hMTIIA.
One of the most intriguing findings of our study is that PZ120 binds the hMTIIA transcription start site with high specificity in the absence of the zinc finger domain. The initial expression cloning of PZ120 indicated that amino acids 1 to 482, a region devoid of any known DNA-binding motif, is sufficient for hMTIIA DNA binding. Subsequent experiments using recombinant PZ120 protein expressed in bacteria and EMSA confirmed that amino acids 1 to 482 can indeed bind has not yet been fully investigated. Alternatively, it is possible that binding of the PZ120 POZ domain to DNA is an isolated case. It is also conceivable that a novel DNA-binding domain is present in PZ120 and lies outside of (surrounding) the POZ domain. Finally, it is reasonable to speculate that the PZ120 protein may contain standby DNA-binding domains that are used only when the natural zinc finger DNA-binding domain is not present. So far, we have not been able to detect specific binding of the hMTIIA initiation sequence using recombinant proteins containing the zinc finger portion of PZ120 alone (data not shown). As a result, we currently favor a model where PZ120 is a multifunctional protein that, in addition to using its N-terminal region (with or without the POZ domain) to bind DNA sequences that closely resemble the hMTIIA initiation sequence, uses its C-terminal zinc fingers to bind a completely different set of DNA.
A number of proteins that bind to transcription start sites of many different genes have previously been reported, but very few have been shown to function as repressors. Intriguingly, two hMTIIA initiation sequence-binding proteins that we have identified, RPA (70) , and PZ120 in this report, both possess transcriptional repression activity. Despite the many exhaustive studies of the hMTIIA promoter, the exact number of different factors capable of regulating hMTIIA is unclear at this time. Also undetermined is whether all transcription factors that bind the hMTIIA transcription initiation region work by the same mechanism. The identification of negative regulatory factors that bind the hMTIIA transcription start site has provided an excellent starting point from which to address these questions.
